The relation between changes in oxygen consumption (VO 2 ) (in milliliters per kilogram and minute) and changes in levels of free fatty acids (FFA) and glycerol in plasma, lactate, pyruvate, and glucose levels in blood, and skin and rectal temperatures following norepinephrine or epinephrine infusions has been studied in neonatal piglets who lack brown fat and rapidly increase their body fat content after birth. Fourteen animals, age 17 hr-13 days (Table L4) , each received two 25-min infusions of 2.0 /ig/kg-min of norepinephrine (see Fig. 3 ); nicotinic acid (50 mg/kg) was administered prior to the second infusion. Five animals, age 5 hr-11 days (Table IB) , each received two infusions of 0.2-4.0 /ug/kg-min of epinephrine (Fig. 5) .
Introduction
The calorigenic effect of norepinephrinc in the neonatal period has received increasing attention since the recognition of an association between sympathetic amines and the thermogenic response of the newborn. In certain species, such as the rabbit and guinea pig, the major portion of either cold-induced or norepinephrine-induced calorigenesis can be attributed to the effects of norepinephrine on brown adipose tissue [7, 27] . In older individuals of other species, however, it has been proposed that at least a portion of this response to norepinephrine can be attributed to oxidative utilization of free fatty acids mobilized from white adipose tissue [10, 15, 28] .
In the newborn human infant, cold exposure results in an increased excretion of catecholamines [23, 24] , and norepinephrine infusion to infants studied in the thermoneutral zone effects an increase in oxygen consumption and body temperature [16, 24] . The relative importance of possible mechanisms involved in calorigenesis in the newborn human, however, remains to be defined. Furthermore, since the newborn human is born with both white and brown adipose tissue, the differentiation of their relative roles in this response to catecholamines is indeed difficult.
Newborn piglets lack brown fat at birth [8] and rapidly increase their body stores of fat, and therefore presumably white adipose tissue, after birth [17] . Thus, they are an excellent experimental animal in which to study the relations among body fat content, postnatal age, and catecholamine-induced lipolysis and calorigenesis. Nicotinic acid was used in some of the experiments to clarify these relations further. This drug is known to inhibit norepinephrine-induced lipolysis [4] . In addition, a comparison has been made between epinephrine-and norepinephrine-induced calorigenesis.
Materials and Methods
A total of 19 piglets, 5 hr-13 days of age, from 5 Swedish Landrace sows were studied. Their deliveries and gestational periods were normal. With the exception of two animals who were starved for 48 hr, all were allowed to suckle at will until 3-4 hr prior to the investigation. They were then removed from the sow and kept in temperature-controlled individual pens [1] . The weights of all piglets when studied were, except for the two starved animals, within the normal range of values for Swedish Landrace piglets of comparable ages at our department.
Determination of Oxygen Consumption and Temperature
Oxygen consumption rate was measured under carefully controlled environmental conditions in a closed circuit apparatus where VO2 was registered as the volume change after absorption of carbon dioxide [13] . The decrease in volume was continuously compensated for by feeding oxygen into the system via a "float" mechanism sensitive to volume changes within the system. The VO2 was determined by measuring the time needed to empty the float; this ranged from approximately 1 to 5 min, depending upon the size of the animals and the preset emptying volume (usually 45-65 ml). The mean value (time per volume) from at least five emptyings of the float was calculated and transformed into VO2. All volumes were expressed at standard temperature and pressure (STPD). For a piglet in steady state, the variation in VO2 (in milliliters per kilogram and minute) measured over a 5-min period was ±1.0%. Temperature gradients in the empty chamber were small (maximum of 0.4°), and, during operation, temperature variations at different sites were not measurable. The relative humidity was kept constant during each observation; it varied between experiments from 25 to 35 %.
Temperatures were measured by thermocouples and continuously recorded on a strip chart recorder [29] . They included rectal temperature (probe inserted at least 5 cm), skin temperature (measured 2 cm below the umbilicus in the midline), and wet and dry temperatures of the air entering the chamber. The environmental temperature reported is that of the dry bulb.
Most animals remained calm and relatively immobile in the experimental chamber; however, some demonstrated periods of excessive motor activity both spontaneously and after catecholamine infusions. These periods were characterized by intermittent short bursts of jerky straining movements. Care was taken to exclude, as far as possible, these periods from the results.
Chemical Methods
Free fatty acid and glycerol levels in plasma, and glucose concentrations in blood were determined according to previously described methods [1] . Levels of lactate and pyruvate were determined by a modified enzymatic method [25] , /3-Hydroxybutyrate was determined by an enzymatic micromethod [20] . Methodological errors for FFA, glycerol, glucose, lactate, pyruvate, and /3-hydroxybutyrate were below 5 %.
Procedure
Before the animals were placed in the experimental chamber, they were weighed and tied in supine position on a Perspex tray, a catheter was inserted into each internal jugular vein under local anaesthesia, lidocaine, 0.5% [30] , and thermocouples were secured in place. Thev 437 were studied at an environmental temperature within their thermoneutral zone [11] . After a satisfactory interval within the chamber to effect steady-state conditions (30-35 min), continuous monitoring of oxygen consumption and temperatures was begun, and initial blood samples were drawn. All intravenous infusions were given at a rate of 6 ml/hr with a continuous infusion apparatus [31] . Sodium chloride solution (0.15 M) was administered before and after catecholamine infusions.
Blood Collection
Blood samples (1.2-1.5 ml/sample) were drawn from the jugular catheter not used for infusions. No heparin was administered. Blood was transferred into heparinized tubes, and aliquots were immediately dcproteinizcd; portions were also taken for hematocrit determinations. The remaining blood was kept at +4° until centrifugation. Plasma was then stored at -20° for subsequent analyses of FFA, glycerol, and /3-hydroxybutyrate.
Experimental Protocols
Fourteen piglets (Table L4) (Fig. 3 ).
Five piglets (Table IB) received infusions of epinephrine [34] . The protocol (Fig. 5 ) was similar in time sequence to that of the previous 14 animals, but no nicotinic acid was given.
Results

Norepinephrine Infusions
The data for birth weight, age and weight at test, and skin and rectal and environmental temperatures for the 14 animals given 2.0 jug/kg-min norepinephrine before and after nicotinic acid administration are given in Table I A.
The individual data for VO 2 ( Table \A) and biochemical variables (Tables WA and 115) are presented for the following four experimental periods: control (BASAL), first norepinephrine infusion (NE I), nicotinic acid administration (NIAC), and the norepinephrine infusion following nicotinic acid administration (NE II). The values for VO2 given in Table \A represent the means of the individual calculations for any particular period. This method of expressing VO2 was chosen because there were no consistent temporal patterns of changes in VO2 for the animals during stimulation periods allowing meaningful comparisons of "peak" VO2. The values given for the biochemical variables in the BASAL and NIAG periods in Tables II/l and 1\B represent the means of the last two determinations in each period (individual See text for definition of periods and abbreviations FFA: free fatty acids; Gly: glycerol; Glu: glucose. (Table III) . These comparisons have been made between increment increases of BASAL to NE I with increment increases of NIAC to NE II since administration of nieotinie acid resulted in significant changes in all (Table III) . The statistical results were determined by paired comparison t test analyses. The results for VO2 have also been expressed as percentage increase, i.e., the increment increase expressed as percentage of the preinfusion value. The mean increases in VO2 during both norepinephrine infusion periods were notably small (Table III) . There was no significant difference between the VO 2 responses in NE I and NE II, even though the increases in BASAL -» NE I (mean of 0.85 ml/kg-min, or 6.0%) were slightly greater than those in NIAC -» NE II (mean of 0.57 ml/kg-min, or 4.1 %). This was true even if the mean increases of BASAL -» NE I and BASAL -> NE II were compared. The mean increases of BASAL -> NE I were significant (P < 0.01). During nicotinic acid administration, a mean decrease in VO2 of 0.11 ml/kg • min (0.9 %) from BASAL values was observed.
The BASAL VO 2 values, which varied from 6.9 to 20.2 ml/kg-min did not show any definite tendency to increase with age after day 2 of life and were lower in the two animals (nos. 7 and 9) starved for 48 hr before testing. During NE I and NE II, one of the starved animals responded with increases and the other with decreases in
Vo 2 .
A correlation between age and increment changes in VO2 was not found during NE II; during NE I one was found only if the animals over 4 days of age were considered (r = 0.92, P < 0.001). Since the three youngest animals had increases comparable to animals over 4 days of age, however, no significant correlation existed for the whole group (r = 0.35, P > 0.05).
Slight rises in both skin and rectal temperatures occurred during NE I and persisted throughout the remaining study periods (mean increases of 0.1°). There were no significant differences between the increment changes in temperature occurring in any of the three study periods (NE I, NIAC, and NE II), and no correlations between changes in VO2 with changes of either rectal or skin temperatures were found.
During both norepinephrinc infusion periods, significant increment increases in FFA and glycerol concentrations in plasma, and glucose and lactate concentrations in blood were observed (Table III) . Pyruvate concentrations also rose after norepinephrine administration, but in neither of the two periods were the changes significant. Comparing NE I and NE II, the prior administration of nicotinic acid resulted in significantly lower increases in levels of FFA and glycerol, similar elevations in hematocrit and glucose responses, an insignificant increased elevation of lactate concentrations, and an insignificant decreased elevation of pyruvate concentrations.
18-Hydroxybutyrate concentrations were very low throughout the period of observation in the seven animals studied. No significant changes occurred during norepinephrine infusions.
The individual patterns of changes in FFA and glycerol concentrations are depicted in Figures 1 and 2 , respectively. When an increase in FFA concentration during NE I occurred, it was progressive and reached a peak at 25 min when norepinephrine infusion was discontinued. A similar response pattern for glycerol concentrations is shown in Figure 2 . Changes in concentrations of FFA and glycerol in individual animals were similar: significant correlations between their peak values in NE I and NE II were found (r = 0.61, P < 0.02 and r = 0.80, P < 0.01, respectively). During NE I, the changes in concentrations of FFA and glycerol and glucose were correlated with the age of the piglet (r = 0.7, P < 0.01; r = 0.86, P < 0.01; r = 0.87, P < 0.001, respectively), and changes in FFA concentration were also positively correlated with changes in levels of glucose concentration (r = 0.67, P < 0.02).
Changes in concentrations of FFA and glycerol and glucose occurring during both NE I and NE II, however, were not correlated with cither percentage or incremental changes in VO2. This is well illustrated by the data of four piglets depicted in Figures 3 and 4 . The results from two animals, 2.5 and 13 days old, who had similar increases in VO2 are shown in Figure 3 ; and the results from two, 17 hr and 5 days of age, illustrating an absence of or only very small increases in VO2 during both NE I and NE II, are shown in Figure 4 . Increases in VO 2 occurred in the absence of elevations of FFA and glycerol concentrations during both NE I and NE II (Fig. 3) . A similar lack of relation between VO2 changes and norepinephrine-induccd elevations of lactate, pyruvate, and glucose concentrations is also evident in the figures. During NE II, but not during NE I, there was a correlation between changes in VO2 and changes in lactate concentrations (r = 0.75, P < 0.02 and r = 0.76, P < 0.02 for percentage and incremental changes in VO2, respectively).
Epinephrine Infusions
The data for birth weight, age and weight at test, skin and rectal and environmental temperatures, values for VO2, and doses of epinephrine administered to five animals in the two epinephrine infusion periods (E I and E II) are given in Table IB . The increases in VO2 observed during E I (range of 0-14% or 0-2.6 ml/kgmin) were of the same magnitude as those seen after Table HA. norepinephrine infusion. The increases in VO2 during E II were smaller than during E I, even though some of the animals had received a greater dose of cpincphrine during E I. Changes in rectal temperatures were small with a range of 0 -+0.5°. The changes in VO2, rectal temperatures, and concentrations of FFA and glycerol, and glucose and lactate for three animals given epincphrine are shown in Figure  5 . The piglet receiving 2.0 /ig/kg-min had a greater increase in glycerol and lactate concentrations than the animals receiving smaller doses of cpinephrine, but the elevation of FFA concentration was similar to that of the animal receiving 0.8 ^g/kg-min of cpinephrine. The changes in glucose concentrations were similar at all three doses of cpinephrine. There were no consistent relations between increases in VO2 and increases in concentrations of FFA and glyccrol or glucose.
Discussion
The results presented are in agreement with previously reported minimal calorigenic responses to norepinephrine in neonatal piglets [18] and miniature piglets [2] . The changes in VO2 observed were not as distinctly age-related as had been reported earlier for piglets of similar ages [18] . No consistent relations were demonstrable between the minimal increases in skin and rectal temperatures and the changes in VO 2) unlike those seen in other species in which the VO 2 response to norepinephrine was more pronounced [7, 16] .
Starvation leads to a decrease in basal VO2 [12] , and during the first few days of postnatal life basal VO 2 rises in fed piglets [11] . Thus the variability in "BASAL" \ ; C>2 values in the animals studied can to some extent be accounted for by differences in age and feeding status. In the five animals infused with epinephrine the magnitude of the calorigenic responses was similar to that seen with comparable doses of norepinephrine. Thus we could not confirm the previous finding in piglets of a relatively greater calorigenic effect of epinephrine as compared with norepinephrine in this age period [18] .
The lack of a relation between changes in \^O2 and hyperglycemia following both norepinephrine and epinephrine infusions is consistent with the results of studies in newborns of other species [9, 26] . The elevations of glucose concentrations following norepinephrine infusion increased with increasing postnatal age and were well correlated with the increases in FFA concentrations. This observation, although consistent with the concept of interference of carbohydrate utilization by elevated levels of FFA [21] , probably reflects an age-related change in response since similar elevations of glucose concentrations were observed after FFA mobilization had been suppressed by previous administration of nicotinic acid.
Although it has been suggested that part of the calorigenic response to norepinephrine can be directly attributed to the effects of elevations of lactate [9] , this relation was not demonstrable when norepinephrine alone was infused. During NE I, elevations of lactate concentrations were not correlated with changes in VO2; during NE II, however, a significant correlation was obtained. Whether this was related to elevated "BASAL" lactate concentrations during NIAC, to the effects of nicotinic acid on glucose metabolism, or to the effects of inhibition of FFA mobilization remains to be defined.
The increases in hematocrit following both norepinephrine stimulation periods can be explained by the increases in interstitial volume and decreases in blood volume that occur after norepinephrine infusion in piglets [5] . The decreases in hematocrit to less than "BASAL" values seen after nicotinic acid administration may reflect the transient changes in redistribution of blood flow that accompany administration of this drug [3] .
The elevations of glycerol and FFA concentrations observed following norepinephrine stimulation have been interpreted to reflect increased lipolysis and lipid mobilization. The validity of this interpretation for piglets has been demonstrated under similar experimental circumstances with 14 C-palmitic acid infusions: significant increases of plasma FFA turnover occurred following norepinephrine infusion [14] .
The observed lipolytic response of newborn piglets to norepinephrine infusions contradicts the results of previous in vitro studies [22] but is in accordance with in vivo studies in older piglets [6] . Lipid mobilization following norepinephrine infusion increased with postnatal age, was not correlated with changes in VO2, and was significantly suppressed by nicotinic acid. It should be noted, however, that even after a dose of 50 mg/kg nicotinic acid, which in other species effects a complete inhibition of lipolysis [15] , some of the animals still manifested a mild lipolytic response to norepinephrine.
During the first 2 weeks of life, when the piglet is increasing his body fat content from about 1 % at birth to some 14 % of body weight at 2 weeks of age [17] , increases in fasting levels of plasma FFA and glycerol concentration have been reported [1] . During this same period the magnitude of the norepinephrine-stimulated lipid mobilization increases, suggesting that age and body stores of adipose tissue may be important determinants of the capacity of the piglet for lipid mobilization.
Even when norepinephrine did effect lipid mobilization, however, increases in VO2 were notably small and were not related to the lipolytic responses. Suppression of FFA mobilization during norepinephrine infusion did not significantly alter VO2 responses. These findings could reflect the influence of factors such as nutritional status or the magnitude of the lipid-mobilizing response. In adult humans the VO2 response to norepinephrine infusion appears to be related to the nutritional status of the individual, and the lack of a response in the postprandial state has been attributed to a lack of FFA mobilization [15] . Starvation prior to norepinephrine infusion in the two piglets studied, however, did not appear to accentuate the VO2 response. The maximal increases in FFA concentrations following norepinephrine infusions, in most of the piglets studied, were com- . In all these species, however, a substantial increase in VO2 accompanied the lipolytic response to infused norcpinephrinc. It therefore seems likely that in the newborn piglet the lack of an appreciable increase in VO2 after norepinephrine infusion reflects an altered utilization of mobilized FFA, probably a relative lack of oxidation. This suggestion is supported by the finding of a lack of an increase in ketonc bodies following norepincphrine infusion. Whether or not this explanation can be interpreted simply to reflect a lack of brown adipose tissue remains to be defined. Preliminary results in older piglets indicate, however, that oxidative utilization of FFA mobilized during norepinephrinc infusion improves with increasing postnatal age [14] . It is therefore unlikely that the absence of brown adipose tissue alone could account for the suggested relative lack of oxidative utilization of mobilized FFA in newborn piglets.
Summary
Our findings in the piglet and the recent report suggesting that white adipose tissue of newborn human infants differs metabolically in its response to norcpinephrine [19] suggest that investigations into the role of white adipose tissue in the norcpincphrinc-induccd calorigenic response of newborns of various species are of importance.
